The common squirrel monkey, Saimiri sciureus, is a New World monkey with functional and microstructural organization of central nervous system similar to that of humans. It is one of the most commonly used South American primates in biomedical research. Unlike its Old World macaque cousins, no digital atlases have described the organization of the squirrel monkey brain. Here, we present a multi-modal magnetic resonance imaging (MRI) atlas constructed from the brain of an adult female squirrel monkey. In vivo MRI acquisitions include high resolution T2 structural imaging and low resolution diffusion tensor imaging. Ex vivo MRI acquisitions include high resolution T2 structural imaging and high resolution diffusion tensor imaging. Cortical regions were manually annotated on the co-registered volumes based on published histological sections.
INTRODUCTION
The New World squirrel monkey shares many functional organization and microstructural complexities with the human nervous system, although the cortical surface is less gyrated. It is among the most widely used New World primates in biomedical research [1, 2] . The motor cortex, for example, is completely exposed on the brain surface and the cortical connections of the primary motor cortex (M1) are well known from previous studies [3] . Moreover, the smaller brains reduce the time of histological processing and anatomical data analysis, which is an essential advantage of an animal model bearing biological or medical experiments.
MRI is widely used to study brain anatomy and function by providing contrasts emphasizing various characteristics of brain. As one of newly-developed MRI imaging techniques, diffusion MRI is currently the only approach to noninvasive investigation of both brain macro-structural connectivity and micro-tissue properties [4] . However, the biological basis of diffusion MRI hasn't been comprehensively validated. To the purpose of quantitative comparing information of histology/anatomy with MRI across experiments, across modalities or across monkeys, a 3D atlas is necessary to define the common space.
Unlike its Old World cousins, no digital of the atlas of the squirrel monkey brain has been compiled. The published stereotaxic reference atlases for the squirrel monkey brain provide only histological information and predate magnetic resonance imaging (MRI) [5, 6] .
Inspired by existing human brain atlas, especially the Talairach atlas [2] and Montreal neurological institute (MNI) brain [7] , we herein describe development of a first digital atlas of the squirrel monkey with a number of Boardman areas labeled as seen on MRI (Figures 1-4) . We also present an example of the atlas application on diffusion tensor imaging (DTI) comparison across experiments, which also indicates the level of reproducibility of registration to the atlas to some extent (Table 1 and 2). bore Varian scanner (Varian Inc., Palo Alto, CA). The first two sessions were in vivo and had 20 days interval. During each in vivo session, the live squirrel monkey was anaesthetized and then scanned on its head with standard protocols of T2-weighted imaging (gradient echo multi-slice, TR = 404ms, TE = 2.4ms, flip angle = 20˚, slice gap = 0mm, voxel size = 300×300×630µm 3 , data matrix = 128×128×80) and diffusion weighted imaging (pulsed gradient spin echo EPI, TR=5.5s, TE=44ms, number of gradient directions=20, b≈1000s/mm 2 , voxel size=630×630×630µm 3 , data matrix=64×64×80). A month later, under general anesthesia using aseptic techniques, a bidirectional tracer, biotinylated dextran amine (BDA; Molecular Probes Inc., Eugene, OR) was injected (as a 10% solution in phosphate buffer) into left hemisphere M1. The monkey was allowed to recover from the procedure, giving the tracer time to be transported along axons to all regions connected to M1. One week after surgery, the monkey was given a lethal dose of barbiturate, and perfused through the heart. All blood was rinsed out with physiological saline (0.9% NaCl) followed by fixative (4% paraformaldehyde). The brain was removed from the skull and stored in buffered saline overnight. Then the brain was scanned as the third session (i.e., ex vivo session) including T2-weighted scans (gradient echo multi-slice, TR = 963ms, TE = 4ms, flip angle = 20˚, slice gap = 0mm, voxel size = 300×300×300µm 3 , data matrix = 128×128×192, SNR ≈ 50) and diffusion weighted scans (pulsed gradient spin echo multi-shot spinwarp TR=4.6s, TE=42ms, number of gradient directions=31, b≈1000s/mm 2 , voxel size=300×300×300µm 3 , data matrix=128x128x192, SNR ≈ 30) with full brain coverage.
After ex vivo scan, the entire brain was coronally sectioned to be a series of slices with 50 µm thickness each on a frozen microtome. The surface of the tissue block after each third sectioning was immediately photographed by a fixed camera. After the sectioning, every sixth tissue slice was mounted on slide, rehydrated by placing samples in graded ethanol solutions, and stained in a cresyl violet (or thionin) solution for 5-10 minutes. The slides were then dehydrated through graded ethanol solution, cleared in xylene solution, and mounted with a permanent mounting medium. Photomicrographs of those Nissl-stained slides were obtained on a Leica SCN400 Brightfield Slide scanner at 20x magnification of the original size. Another three series adjacent to the Nissl-stained were stained for myelin, BDA and fluoro-ruby (see [8] [9] [10] for more details about the histological processing), Photomicrographs of those stained series will be collected the same way as the Nissl-stain and prepared for the development of histological atlas.
Atlas Construction
All the T2 data and diffusion data acquired from scanner were reconstructed and converted into Nifti format with the same anatomical orientation (+x: left; +y: posterior; +z: superior). 3D background correction was performed on each T2 volume and non-diffusion weighted (i.e., b=0) volume to attenuate the uneven background signal due to the sensitivity variation of the receive coil. The obtained biased background of each non-diffusion weighted volume was applied on each corresponding diffusion weighted volume. The T2-weighted volume from the second in vivo session was manually rotated to align the inter-hemispheric fissure with the y-axis and the plane of the basal skull plate with the x-y plane. The T2-realigned volume was resampled to 300 µm isotropic voxels to form the T2-target space. All DTI processing was performed in acquired coordinate system, including (1) correction for motion/eddy current distortion by affine registering each diffusion-weighted volume to the non-diffusion-weighted volume, (2) correction of gradient tables, and (3) log-linear tensor fitting. The mean minimally diffusion-weighted volume was registered with a six degree of freedom transform to the T2-target. The tensor volume was transformed and up-sampled with this transform and the tensors were re-oriented using the rotation matrix defined by the finite strain strategy for affine transformation [11] . Fractional anisotropy (FA), mean diffusivity (MD), and principle eigenvectors were computed in the re-oriented space and a standard diffusion encoded colormap (red: right/left; green: anterior/posterior; blue: inferior/superior) was created. The first in vivo session was registered to the target session with a 12 degree of freedom transform to correct for distortions. All the above transformation matrices were stored for future transferring information in native space to atlas space. A brain mask was created for the ex vivo session to exclude bright signal due to the phosphate buffered saline (PBS) buffer solution, and the masked image was coregistered to the mean diffusion weighted signal in the space of the target image; this enable registration of a skullfree brain to a digitally skull-stripped brain. In order to satisfy the researchers who focus on a specific brain tissue, the gray matter mask, and white matter mask were also created by thresholding the mean of ex vivo diffusion weighted volumes along all diffusion gradients followed by manual improvement referencing the printed histological atlas. Affine registration, transformations, visualization, file manipulation and manual segmentation were performed with FSL FLIRT (FMRIB's Linear Image Registration Tool [12] ) and MIPAV (Medical Image
Processing, Analysis and Visualization [13] ) software package. Figure 1-3 shows the axial, coronal and sagittal slices of 3D multi-modal atlas including ex vivo T2, in vivo colormap, in vivo FA, in vivo MD and in vivo T2.
Eighteen cortical ROIs in the frontal and parietal lobes of two hemispheres were manually labeled by an experienced neuroanatomist on the micrographs of Nissl-stained tissues. Those labeled cortical ROIs in micrograph space were transformed to blockface space and then to the native ex vivo T2 space by multi-step registration procedures with less than 300 µm registration errors (see [8, 10] for more details). Eventually the labels were transformed to the atlas space by applying the transformation matrix calculated before. All the eighteen labeled cortical ROIs are listed in Table 1 and rendered as colored long-cuboids overlaying on the T2 brain in atlas space shown in Figure 4 .
An Example of Atlas Application
One of the utilities of the monkey atlas is to define the common space for comparison of diffusion characteristics (e.g. FA and MD, etc.) across experiments. For example, in our long-run study, we are interested in the agreement between in vivo and ex vivo DTI data acquired from the same specimen. The mean FA of each cortical region (listed in Table 1 ) was calculated in atlas space for the two in vivo diffusion sessions and one ex vivo diffusion session by applying each region on FA volume calculated in atlas space. Two-sample t-test was performed on the regional FA across the in vivo sessions to test the null hypnosis that the two experiments on the same monkey under the same imaging protocols had the same FA measurements.
Tabel 2 lists all the mean FA values and corresponding standard deviations in eighteen cortical regions across three sessions. The values in Table 2 shows that the ex vivo FA has significant higher values than in vivo FA across most of the ROIs. Understanding the relationship between in vivo and ex vivo DTI properties is particularly important when interpreting DTI studies of the brain, and this analysis was facilitated by the fact that all DTI data had been registered to a common atlas space. The two-sample t-test performed on the two in vivo sessions produced a failure to reject the null hypothesis at 5% the significance level, which also indicates the level of reproducibility of in vivo registration to the atlas.
CONCLUSION AND DISSCUSSION
In this paper, we constructed a multi-model imaging atlas of squirrel monkey brain on T2-weighted and DTI data with both in vivo and ex vivo. We also presented an example showing the utility of the atlas in our long-run DTI validation project. As the example indicates, our current atlas serves as a target with a number of labeled Brodmann area in common space, which facilitates the quantitative comparisons across different imaging modalities or across different experiments.
Based on the data acquisition and construction of this squirrel monkey atlas, we learned the following lessons: (1) intra-modality registration is easier than inter-modality registration; (2) protocol optimization is essential for stable and reproducible imaging; (3) temperature stability and choice of buffer solution are critical because the PBS buffer solution introduced strong background signal around ex vivo brain that brought registration errors; (4) reconciling labeling across histological and atlas spaces is non-trivial because histological tissues probably have various nonrigid distortions (e.g., tearing, folding and part missing etc) and the contrast of the tissues (e.g., white matter and gray matter, etc.) for some staining might not be high enough for automatic registration algorithm to recognize accurately.
Our current atlas used only one monkey brain as the target, which might be less representative of the entire population. On our ongoing project, more monkeys will be recruited and contributed to improving this initial atlas including iterative template construction. In addition to T2-weighted and diffusion weighted imaging, other MRI imaging modalities will be added to the atlas in order to satisfy diverse requirements from neuroscientists and neurobiologists. For example, T2*-weighted imaging will be included in our final atlas to provide a standard brain for the functional MRI related studies on squirrel monkey, which is also be a goal in our long-run project. Besides, imaging protocol will be optimized for generating stable and reproducible images. On the other hand, our current cortical labels are Brodmann areas, which related closely to research on functional and structural connectivity. Thus, our future work also includes labeling more cortical and subcortical Brodmann areas on the atlas in order to provide more opportunities for regional analysis.
Meanwhile, we are developing a release platform that provides: (1) access to raw data in both native space and atlas space based on eXtensible Neuroimaging Archive Toolkit (XNAT, [14, 15] ) and (2) custom portal for validation of DTI metrics. This atlas will provide the scientific community with a well-characterized collection of MRI and corresponding light microscopy data, which will allow investigators around the world to test various hypotheses related to the anatomy and function of the squirrel monkey brain in micro and macro scale. Making histological and MRI data freely available will facilitate many studies that one group, acting alone, would be unable to perform. For example, other potential applications include comparing connectivity patterns to other primates, parcellation of various sub-cortical gray matter structures, and validation of fiber tractography algorithms. This atlas will be useful to the neuroscience community by providing a tool to navigate, access, and visualize a wide range of neurological data. 
